We demonstrate an all-optical approach to probe electronic band structure at buried interfaces involving polar semiconductors. Femtosecond optical pulses excite coherent phonons in epitaxial GaP films grown on Si(001) substrate. We find that the coherent phonon amplitude critically depends on the film growth conditions, specifically in the presence of antiphase domains, which are independently characterized by transmission electron microscopy. We determine the Fermi levels at the buried interface of GaP/Si from the coherent phonon amplitudes and demonstrate that the internal electric fields are created in the nominally undoped GaP films as well as the Si substrates, possibly due to the carrier trapping at the antiphase boundaries and/or at the interface. V C 2016 AIP Publishing LLC. [http://dx
Characterization of the electronic energy states at buried hetero-interfaces is one of the most pressing issues in device physics. Simple estimations based on the electron affinities of the two semiconductors 1 often fail due to the formation of new interfacial chemical bonds, extended defects, crystalline morphologies, and intermixing. [2] [3] [4] It is therefore crucial to determine the band alignment by measuring actual interfaces. Photoemission spectroscopy, which is the standard technique to directly evaluate the electronic states at surfaces and interfaces with thin overlayers, 5 cannot be applied to deeply buried interfaces due to the limited probing depth (Շ5 nm). Capacitance-voltage measurements 6 and internal photoemission spectroscopy 7 can be applied to thicker overlayers, but they can be influenced by the carrier transport in the overlayers. Complementary all-optical techniques are desirable to evaluate the electronic states of deeply buried interfaces.
In polar semiconductors, the collective oscillations of charge carriers (plasmas) couple with the longitudinal optical (LO) phonons via the Coulomb interaction. 8 The frequency of the resulting LO phonon-plasmon coupled (LOPC) mode depends crucially on carrier density and plasma damping rate. Raman observation of the LOPC mode has been employed extensively to determine the carrier distributions within polar semiconductors and at their interfaces. [9] [10] [11] The LOPC mode can also be excited as a coherent oscillation by femtosecond optical pulses. 12, 13 Because coherent LOPC mode is generated predominantly by the instantaneous screening of the surface field by photoexcited electrons and holes, 14, 15 the amplitude of the oscillation can be a quantitative measure for the pre-existing electric field and the resulting electronic band structure. Thus, coherent phonon spectroscopy is promising as an all-optical evaluation technique of the electronic states at buried interfaces including polar semiconductors.
The growth of group III-V semiconductors on Si is motivated by the potential for incorporating optoelectronic functions into Si based devices. GaP, an important material for light emitting diodes, photovoltaics, and photocatalysts, is particularly interesting because it has a good epitaxial relationship with the Si(001) surface. [16] [17] [18] [19] In this letter, we report on the experimental characterization of the Fermi level at GaP/Si(001) interfaces by coherent phonon spectroscopy. The formation of a hetero-interface may affect the electronic structure of GaP significantly through, e.g., unintentional doping and differently charged pinning centers, even though the GaP films are not intentionally doped. We find that the Fermi level correlates with the density of antiphase domains (APDs) in GaP films and predicts the electronic band profiles by theoretical simulations.
The samples studied are nominally undoped GaP layers grown by metal organic vapour phase epitaxy on the n-type Si(001) substrates under three different conditions. 20 The GaP film samples I and II are grown at 675 and 450 C on the Si(001) substrate with a very small miscut angle, whereas sample III is grown at 575 C on a Si(001) substrate with a larger miscut angle. Whereas all the films are free from extended planar defects, the different growth conditions introduce different densities and shapes of APDs, in which the direction of the Ga-P bonds are reversed with respect to the main phase [Figs. 1(a) and 1(b)]. Sample I has selfannihilated (kinked) APDs with boundaries on the {112} and {110} planes [ Fig. 1(c) ], whereas sample II has APD boundaries vertically penetrating the film on the {110} planes [ Fig.  1(d) ]. Sample III, by contrast, has only a few small (<5 nm in height) APDs [ Fig. 1(e) ]. The film thicknesses for samples I, II, and III measured by x-ray diffraction are 57, 55, and 45 nm. We note that the unintentional doping levels of the GaP thin films cannot be determined directly, e.g., by Hall measurements, because they are grown on conductive substrates. Pump-probe reflectivity measurements are performed at room temperature in a near back-reflection configuration using optical pulses of $10 fs duration and 400-nm wavelength (3.1-eV photon energy). 20 The effective probing depth [(2a) À1 ¼ 58 nm for GaP with a as the absorption coefficient 21 ] is comparable to the GaP layer thicknesses. The pump-induced change in the anisotropic reflectivity DR eo is measured as a function of time delay between the pump and probe pulses. Figure 2 compares the oscillatory parts of DR eo =R and their Fourier-transformed (FT) spectra for the GaP/Si samples. The coherent responses of samples I and II roughly resemble those of the p-type GaP(001), which we studied previously 13 and are also shown in Fig. 2 . They are all dominated by a long-lived LO phonon at 12 THz, whose amplitude is nearly independent of pump density, and a fasterdecaying LOPC mode with the amplitude growing with the pump density. 20 GaP/Si samples I and II also feature relatively weak oscillations at 11 and 15.6 THz, both of which are absent from the bulk GaP. The frequencies agree with those of the TO phonon of GaP and the optical phonon of Si, respectively. For sample III, by contrast, the LOPC and LO modes from the GaP overlayer have much smaller amplitudes than the optical phonon of the Si substrate, even though its thickness is comparable to the other samples.
The amplitudes, frequencies, and dephasing rates of the coherent phonon modes are obtained from fitting the timedomain data to damped harmonic functions. 20 The photocarrier density-dependent frequency and dephasing rate of the LOPC mode, shown in Fig. 3 , confirm that this mode involves the photoexcited plasma. Static dielectric model 20 roughly reproduces the frequency and dephasing rate assuming heavy damping (c ¼ 25À30 THz) of the plasma. Based on the previous study, 13 we attribute the LOPC mode to the mixed electron-hole plasma. Unlike when GaAs is photoexcited at 800 nm, 22 the electrons photoexcited in GaP at 400 nm are scattered almost instantaneously into the X and L satellite valleys that have nearly as large effective masses and damping rates as the heavy holes. The mixed plasma consisting of electrons and holes therefore give rise to an effectively single-component, heavily-damped LOPC mode, like when GaAs is excited with 400 nm light. 23 The amplitude of the LOPC mode varies by almost an order of magnitude among the GaP/Si samples, as shown with broken lines in Fig. 4 . The excitation of the coherent LOPC mode of GaP is dominated by the transient depletion field screening (TDFS) mechanism, 13 in which the ultrafast drift of photoexcited electrons and holes, shown in insets of Fig. 4 , suddenly screen the pre-existing surface electric field in the depletion region. 14, 15 The variation in the LOPC amplitude among GaP/Si samples can therefore be a measure of the variation of the internal electric field within the GaP layers; large (small) LOPC amplitude implies steep (flat) band bending before photoexcitation.
To estimate the band bending quantitatively, we need to establish the relation between the LOPC amplitude and the electric field. This can be done by comparing the LOPC modes of differently doped bulk GaP crystals, which were measured under the same experimental conditions. 13 The symbols in Fig. 4 plot the LOPC amplitudes of (001)-oriented GaP as a function of the Fermi level E F . Because the bands bend up (down) toward the surface for the p-type (ntype) surface, as illustrated by insets in Fig. 4 , we fit the amplitudes with a linear function DR LOPC =R ¼ CjE F À E pin j with C and E pin as parameters. 20 We obtain the pinning energy at the GaP/air surface E pin ' E s v þ 1.8 eV, with E s v being the valence band maximum at the surface. This value is close to that reported for the GaP(110)/vacuum surface, E s v þ 1.6 eV. 24 We now estimate the Fermi levels for the GaP/Si(001) samples assuming that they are pinned at the surface by the same electronic states as for the bulk GaP(001). This is a reasonable assumption because our GaP films have nearly atomically flat surfaces. From crossings between the amplitudes (broken lines in Fig. 4 ) and the linear fit (solid line), we obtain E F within the films of 0.1, 0.6, and 1.7-1.9 eV above E v for samples I, II, and III.
We consider two possible explanations for different interface Fermi levels of the differently grown GaP films.
One is that the GaP films are unintentionally doped at different densities. The estimated E F shows no correlation with the film growth temperature and thus excludes the possibility of doping via intermixing of Si atoms. However, we find a correlation between E F and the APD density, which would suggest higher doping for higher APD density. Though the conventional atomic models of APD boundaries [Figs. 1(a) and 1(b)] are neutral with equal numbers of Ga-Ga and P-P bonds, the actual boundaries can deviate from the stoichiometric models at the atomic scale, as reported in a previous TEM study, 25 and thereby introduce charges localized at the APD boundaries throughout the GaP layer thickness. Another possible explanation is that the GaP films are nearly intrinsic but the interface Fermi level is determined by trapping centers at the GaP/Si interface, whose energy levels and charge states depend on the film growth conditions. It is plausible that both of the two scenarios contribute to determining the interface Fermi level.
Because the actual charge distributions within the GaP films and the energy levels of the interfacial pinning centers are unknown, we model the electronic energy bands by making several simplifying assumptions. 20 We solve the Poisson equation for electric potential assuming the charge neutrality between the GaP layer and the depletion region of n-type Si. We consider two limiting cases in the charge distribution; in one case, the electric charges distribute uniformly over the GaP film. This would model the GaP film unintentionally doped by the carrier trapping at the APD boundaries that extends over the whole thickness of the film. In another case, charges are mostly trapped at the interface and the surface. This would model the nearly intrinsic GaP film whose E F is pinned by the trap centers at the interface and the surface. The actual situation probably lies between the two limiting cases. Figure 5 compares the energy bands calculated in these two limiting cases. The results are qualitatively similar, except that the bands are curved for uniform charge distribution and straight for the Fermi level pinning at the interface. In both cases, the band bending within the GaP film is accompanied by a bending of similar magnitude in the Si substrate. Though our model is very simple, our calculations give a qualitative picture of the band profiles within the GaP film without detailed knowledge of the charge distribution in the GaP films and the trap states at the interface. The present method has an advantage that we can estimate the electronic band profiles also in non-polar Si. The band bending in Si cannot be obtained directly from the Si phonon amplitude, because the TDFS mechanism works only on the polar, infrared active phonon modes, which the Si phonon is not. Coherent Si phonons are generated solely via the impulsive stimulated Raman scattering mechanism through deformation potential interaction, 20, 26 which is independent of the magnitude of the surface band bending.
In conclusion, the lattice-matched GaP/Si(001) interfaces give rise to the coherent LOPC mode, whose amplitude can be used as a measure for the internal electric fields within the GaP films. We find that higher density of APDs in the GaP film leads to larger electric field as probed by the amplitude of the coherent phonons. Our approach is also useful for heterostructures involving other polar semiconductors, such as GaAs and InN, whose coherent phonons can be excited via TDFS mechanism. We thus demonstrate the applicability of the coherent phonon spectroscopy to the nondestructive characterization of the electronic states at buried interfaces. 
I. SAMPLE PREPARATION
Nominally undoped GaP layers are grown by metal organic vapour phase epitaxy on the n-type Si(001) substrates under three different conditions. For the GaP/Si sample I, the "exact" Si (001) substrate with a 0.1
• miscut in the [110] direction is used. First, a homoepitaxial Si-buffer layer is deposited on the Si substrate and annealed in H 2 atmosphere to form double steps. The GaP nucleation layer of 7 nm in thickness is then grown at 450
• C, followed by the growth at 675
• C. This procedure minimizes the density of planar defects and enhances the self-annihilation (kinking) of antiphase domains (APDs) with boundaries on the {112} and {110} planes [ Fig. 1c ]. Sample II is grown in the same procedures as sample I, except that the second step of the GaP film growth is carried out at 450
• C. This leads to the APDs penetrating the film along the vertical {110} planes [ Fig. 1d ]. For sample III, a Si(001) substrate with a larger miscut angle of 2
• is used to effectively suppress the formation of the monoatomic steps of the substrate and thereby APDs [ Fig. 1e ]. Following the same nucleation procedure as samples I and II, the GaP film is grown at 575
• C. The film thicknesses for samples I, II and III are measured by x-ray diffraction to be 57, 55 and 45 nm. More details of the sample preparation and transmission electron microscopic evaluation of APDs are described elsewhere [1] [2] [3] .
Whereas Si atoms in GaP can act as shallow donors when substituting the Ga site [4] , we believe that unintentional doping of the GaP films by Si atoms due to the cross diffusion is very limited because of our relatively low growth temperature. Indeed, the Fermi level obtained from the coherent phonon spectroscopy [broken lines in Fig. 4 ] exhibits no clear correlation with the film growth temperature. We note that the unintentional doping levels of the GaP films cannot be determined directly by Hall measurements, because they are grown on the conductive (n-doped) Si substrate.
We also use (001)-oriented GaP wafers purchased from the MTI Corp as the standard samples to obtain the relationship between the coherent phonon amplitude and the Fermi level [symbols in Fig. 5 ]. The n-and p-doped GaP samples are doped with S and Zn impurities at 5±3 × 10 17 and 6.95×10 17 cm −3 carrier densities, respectively. The undoped sample has n-type conduction with carrier concentration of 5±1 × 10 16 cm −3 .
II. PUMP-PROBE EXPERIMENTS
Degenerate pump-probe reflectivity measurements are performed in ambient conditions with laser pulses of 400-nm wavelength (3.1-eV photon energy) and 10 fs duration. The 400-nm photons can excite electrons and holes near the Γ point across the direct band gap of GaP of 2.78 eV. The photoexcited electrons and holes are scattered into the lower X and L valleys and into the heavy hole band by the time of the formation of the LO phonon-plasmon coupled (LOPC) mode [5] . The optical penetration depth of the 400-nm light is given by α −1 =116 nm [6] with α the absorption coefficient. The probing depth of the 400-nm light is (2α) −1 =58 nm, since the reflected probe light passes the medium twice.
The pump-induced change in the anisotropic reflectivity (∆R eo = ∆R H − ∆R V ) is measured in the "electro-optic" (EO) configuration by detecting the difference between the vertically (V) and horizontally (H) polarized components of the reflected probe light. The samples are oriented so that their [011] and [011] crystallographic axes point in the V and H directions. Linearly polarized pump and probe beams are incident on the sample in the near back-reflection configuration with angles of < 15
• and < 5
• from the surface normal. In this near back-reflection geometry from the (001) surface, the coherent TO phonon is neither excited nor detected according to the Raman selection rules. The pump and probe laser spots on the sample are 2d b =23 µm in diameter. The transient reflectivity signal is digitized and averaged with a 12-bit digital oscilloscope while time delay between pump and probe pulses is scanned repetitively at a 20 Hz rate.
III. ANALYSES OF EXPERIMENTAL DATA A. Obtaining oscillation parameters from time-domain fittings
Transient reflectivity signals obtained from the pump-probe measurements consist of non-oscillatory electric components and oscillatory phonon components. We first fit the non-oscillatory parts to multiple exponential functions and subtract them from the signals to obtain the oscillatory components. The oscillatory components are then fitted to a linear combination of damped harmonic functions, each of which is expressed by:
to obtain the amplitudes ∆R i , the dephasing rates Γ i , and the frequencies ν i , where i corresponds to either of the LO, LOPC, TO and Si phonon modes. Fitting to a quadruple damped harmonic function is not complicated in the present case, because three (LO, TO, Si) of the four oscillations are long living and clearly separated in the frequency. We therefore start by fitting the reflectivity oscillation after 1 ps, by which the LOPC mode is damped, to a triple damped harmonic function to roughly determine the parameters for the three modes. We then fit the reflectivity oscillation for the whole time (typically 0.1 − 12 ps) to a quadruple damped harmonic function to precisely determine all the oscillation parameters. The linearly chirped damped harmonic function gives a reasonable approximation for the frequency and dephasing rate of the fast-decaying LOPC mode, which are plotted in Fig. 3 . If we perform time-windowed analyses, as we did in our previous study on bulk GaP [5] , we find the LOPC frequency to be dependent on time. Moreover, during its first few cycles, the LOPC amplitude often increases and then decreases with time. The situation leads to a very large uncertainty in the determination of the LOPC amplitude by fitting to a damped harmonic function. Because the LOPC amplitude is a key issue in the present study, we obtain the LOPC amplitude as follows: we start by fitting the reflectivity oscillation after 1 ps to the triple damped harmonic function corresponding to the LO, TO and Si modes, as described above. We then extrapolate the triple damped harmonic function to time zero, as shown in Fig. S1 , and subtract it from the oscillatory reflectivity signal to obtain the LOPC oscillation. We take the difference between the maximum and minimum of the LOPC oscillation as its amplitude, ∆R LOPC . 
B. Pump power and pulse duration dependences
We find the frequencies and dephasing rates of the LOPC mode, summarized in Fig. 3 , depend on the pump pulse energy F . This clearly indicates that the LOPC mode is coupled with photoexcited carriers rather than impurity doped carriers. The frequency and dephasing rate are reproduced reasonably by the real and imaginary parts of ω that satisfy:
with γ p = 25 − 30 THz, as shown in Fig. 3 . Here ε ∞ is the high frequency dielectric constant, Ω LO and Ω TO , the LO and TO phonon frequencies, Γ, the LO phonon dephasing rate, ω p = 4πN e 2 /m * ε ∞ , the plasma frequency,
, the plasma density, m * , the effective mass, and γ p , the plasma damping rate. The amplitude of the LOPC mode increases with F until it reaches saturation, while that of the LO mode hardly grows, as shown in Fig. S2 . The saturation is attributed to the complete screening of the pre-existing electric field by photoexcited carriers in the transient depletion field screening (TDFS) mechanism, which will be described in the following section.
Though we have not done so in the present study, varying the pulse width can affect the amplitude of a coherent oscillation. Consider an optical pulse given by:
with center frequency ω L and duration τ 0 . The spectral profile of this pulse is given by
The amplitude of coherent oscillation at Ω is proportional to I(ω = Ω, τ 0 ), if other parameters such as pump pulse energy F is fixed, in the present low pump density regime. The frequencies and dephasing rates of the LO, TO and Si phonon modes are found to be independent of F in the present low pump energy regime. The amplitude of the TO and Si phonon modes grow linearly with F , whereas that of the LO mode saturates at very low pump density, as shown in Fig. S2 .
C. Generation mechanisms of coherent phonons
Coherent LOPC mode of GaP is generated predominantly via the TDFS mechanism, in which photoexcited carriers suddenly screen the pre-existing electric field in the surface depletion layer [7, 8] . Since the driving force for the TDFS mechanism does not depend on the polarization angle θ of the pump light for isotropic crystals, the generation mechanism can be experimentally confirmed by measuring the θ-dependence of the LOPC amplitude. We find the amplitude is proportional to A + B cos 2θ, with the isotropic component A arising from TDFS being much larger than the anisotropic component B arising from the impulsive stimulated Raman scattering (ISRS), as reported in Ref. [5] for bulk GaP and shown for GaP/Si sample in Fig. S3 .
The TDFS mechanism requires the phonon mode to be polar, i.e., infrared active. In the surface depletion region of polar semiconductors, the equilibrium positions of the cations and anions are shifted with respect to those in the bulk because of the pre-existing electric field. Screening of the pre-existing field by photoexcited carriers suddenly shifts the equilibrium positions of ions closer to the bulk positions, to an extent that depends on the carrier density. The TDFS driving force will not grow with increasing carrier density, once the pre-existing field is completely screened. This leads to the saturation of the LOPC amplitude, as we have seen in Fig. S2 .
The TDFS mechanism is not at work for the Si coherent phonon, because Si is a non-polar crystal and its LO phonon is not infrared active. As a result, coherent optical phonons of Si is generated solely via ISRS mechanism through deformation potential [9, 10] . The ISRS force depends on the direction of the electric field through the Raman tensor of the phonon in question. This leads to the cos 2θ dependence for the back-scattering by the LO phonon from the Si(001) surface. This is what is observed for the amplitude of the Si phonon, as shown in Fig. S3 .
D. Estimation of Fermi levels from LOPC amplitudes
Within the framework of the TDFS mechanism, the driving force, and hence the amplitude, of the coherent LOPC mode is determined by the magnitude of the pre-existing surface electric field, if the high carrier density is sufficiently high to screen the pre-existing field completely. In the present study we aim to estimate the electric field of the GaP/Si samples from the amplitude of the LOPC mode. For this purpose, we first establish the relation between the LOPC amplitude and the Fermi level for differently doped (and well characterized) bulk GaP samples. We note that the pump-probe measurements on the GaP/Si and bulk GaP samples are performed in the same conditions, including the pump pulse energy and duration, and analyzed in the same manner, to make direct comparison of the amplitudes possible.
Symbols in Fig. 4 plot the LOPC amplitudes ∆R LOPC /R for differently doped bulk GaP samples as a function of their Fermi levels E F . Pump pulse energy is F =109 µJ/cm 2 , at which the LOPC amplitude is already saturated. We expect that the band bends upward and downward toward the surface for n-and p-doped samples, and becomes flat when E F matches the pinning level at the GaP/air surface, E pin , as shown schematically in the insets of Fig. 4 . We therefore fit the symbols to a linear function
which gives a rough but reasonable interpolation between the symbols. can fit the three symbols for C ≃ 8.2×10 −5 /eV and E pin ≃ E v +1.8 eV, with E v being the valence band maximum. The obtained pinning energy E pin is close to that reported for the GaP(110)/vacuum surface, E v +1.6 eV [11] , though there have been no previous report for the GaP(001) surface as far as we are aware of. We note that the value for C depends on the pump-probe conditions and analyses methods, and cannot be applied directly to LOPC amplitudes obtained from different set of measurements. The above fitting function is then used to obtain E F of the GaP/Si samples from the LOPC amplitudes measured and analyzed in the same condition. ∆R LOPC /R for the three different GaP/Si samples are indicated by the horizontal broken lines in Fig. 4 , whose crossings with the fitting function give estimates for their E F . The amplitudes for samples I and II have respectively one crossing, at 0.1 and 0.6 eV above E v . The crossings occur at lower E F than E pin for both cases, indicating that the bands bend downward toward the surface. For sample III, the amplitude crosses the fitting function twice near E pin , either of which corresponds to the nearly flat band situation.
IV. THEORETICAL CALCULATION OF ENERGY BAND PROFILES
We solve Poisson equation for the electric potential to reconstruct the electronic bands that are consistent with the experimentally obtained E pin and E F . To accurately determine the energy band profile of a GaP/Si interface we would need to know the microscopic details of the interface including the energy, density and distribution of trap states throughout the GaP layer. These details would depend upon the growth conditions of the interface and GaP layer. Because we have little knowledge on such details, however, we aim to acquire a qualitative understanding using a simple model with a number of assumptions.
We consider a model one-dimensional heterojunction between GaP and Si to describe a simplified GaP/Si interface. GaP is assumed to be of finite width D and undoped, whereas Si is infinitely thick and n-doped with a density of N Si = 1 × 10 18 cm −3 . The GaP/Si interface is at z = 0 and the GaP/air surface is at z = −D, as shown in Fig. S4 . The conduction band minimum (CBM) and valence band maximum (VBM) of GaP and Si have energy differences of:
before the alignment of the bands at the surface and interface. In the following we define as E v,GaP ≡0 so that
Equilibration between the GaP film and the Si substrate requires a constant Fermi level throughout the heterostructure. We assume that the Fermi level is pinned at the GaP surface by the surface states at E s =1.6 eV+E v,GaP , in the same way as bulk GaP, causing the surface band bending and giving rise to the surface electric field. We also assume that the Fermi level at the GaP/Si interface is fixed at E i , whose energetic position can depend on the film growth conditions, to model the interface trap states.
The first step to describe the equilibration is to align the Fermi level of Si, with the Fermi level at the interface E i at z = 0 and with the chemical potential µ 2 at large distance z from the interface. We use the depletion approximation, in which we divide Si substrate into the depletion region in the vicinity of the interface (0 < z < W ) and the quasi neutral region deeper in the bulk (z > W). All the donor atoms in Si are assumed to be ionized, so that the free carrier density of the quasi neutral region is given by the impurity doping density, whereas the charge in the depletion region is dominated by the ionized impurities. Within this approximation, the equilibration of the Fermi levels causes the band bending:
in the depletion region of Si whose width is given by:
Thus for Si, the VBM and CBM are approximated by:
For GaP, which was undoped before the equilibration, we assume that the band offsets at the interface (z = 0) do not change on equilibration for the simplicity of the calculations.
This assumption gives a valence band offset of 0.89 eV at the GaP/Si interface, which lies in between those reported in an internal [12] and x-ray [13] photoemission studies as well as in a theoretical modelling [14] . Since the surface pinning level E s and the interface Fermi level E i are initially different, ∆E p = E i − E s ̸ = 0, the alignment of the pinning energies defines the CBM and VBM at the GaP/air surface:
The charge that is depleted from the Si interface can get transferred into the GaP layer, with a possibility of being partly trapped at the interface, depending on the film growth conditions. In our simplified model, we parameterize this transfer of charge efficiency by β %. We assume that the transferred charge density is uniformly distributed over the GaP film thickness:
The transferred charge should be negative, since Si is n-doped. We can then solve the Poisson equation:
with the boundary conditions imposed by eqs. (S10) and (S11). Here E c = −eΦ is the spatially varying conduction band minimum, and Φ is the electrostatic potential. The bands within the GaP film (−D < z < 0) are given by:
(S14)
Because we do not know the actual charge distribution, we consider two limiting cases, one with large charge transfer probability (β = 100%) and another with small probability (β = 10%). In case of β = 100%, the bands within the GaP film are determined by the uniformly distributed charge density, whereas no charge accumulation at the surface or interface is taken into account [15] . This would model the case that the GaP films have unintentional doping due to e.g. the charges localized at the antiphase domain (APD) boundaries, which extends over the entire GaP thickness. Solid curves in Fig. 5 show the bands calculated in the case of β = 100% for different values of E i to reproduce the experimentally obtained E F of GaP at the interface. In this case, the bands in the GaP film are curved due to the screening of the charges.
In case of β = 10%, the GaP film itself remains nearly intrinsic, and the bands within the GaP film are determined by the pinning by the charged centers at the interface as well as at the surface. Broken curves in Fig. 5 show the bands calculated in the case of β = 10% for different values of E i . In this case, the bands are more linear than the case of larger β, because there is little screening within the GaP film. We note that the electric displacement across the interface is not continuous, since we fix the band energies at the two ends of the film.
